kinase 1 and 2 (ERK 1/2). [4] [5] [6] [7] [8] The role of Gram-positive cell components in macrophage activation is less well delineated. A variety of cell components, e.g. peptidoglycans or lipoteichoic acid and Gram-positive exotoxins, have been implicated in Gram-positive sepsis. [9] [10] [11] [12] A well-recognized phenomenon of acquired resistance to cellular activation with LPS is referred to as LPS tolerance. 13 Tolerance, which is induced by sublethal exposure to LPS, renders the host temporarily resistant to the effects of lethal LPS. 13 Low concentrations of LPS also induce alterations in macrophage mediator production in vitro. This has been demonstrated in human monocytes, peritoneal macrophages, and various myeloid cell lines. [15] [16] [17] [18] LPS tolerance, or desensitization, is not due to an overall down-regulation of the macrophages, but rather to a selective reprogramming of signaling pathways involved in mediator production. 19 Certain pro-inflammatory mediators, such as TNFα 15, 20 and arachidonic acid metabolites, such as TxB 2 , 21 are down-regulated whereas nitric oxide (NO) 22 and interleukin-10 23 production are unaltered or enhanced.
Tolerance may not to be due to altered expression of LPS receptors, 24 but may involve more downstream signal transduction changes, e.g. altered phosphorylation of ERK 1/2. 18 The degree to which LPS tolerance can alter macrophage responses to Gram-positive stimuli is debated. Some investigators report that LPS tolerance renders cells cross-tolerant to Gram-positive bacteria, 14, 25, 26 whereas others have reported that peptidoglycans or muramyl dipeptide from Gram-positive bacteria can overcome toleranceinduced suppression of macrophage mediators. [27] [28] [29] [30] In the present study, we examined if LPS tolerance can induce cross-tolerance to group B streptococcus (GBS), a frequent Gram-positive pathogen associated with severe neonatal infections. 31 We examined the effects of LPS tolerance on lethality to viable GBS-induced sepsis in D-galactosamine sensitized animals. 32 Also, the effects of LPS tolerance on altering macrophage in vitro TxB 2 , TNFα and NO production induced by killed GBS or LPS stimulation were examined. Additionally, the effect of LPS or GBS on activation of the macrophage MAPK cascade enzyme ERK 1/2 was compared in control and LPS tolerant macrophages, and the effects of a MEK inhibitor on LPS-and GBS-stimulated mediator production were examined.
MATERIALS AND METHODS

Animal and tolerance induction
All rats used in these studies were viral antibody-free Long Evans male rats (200-300 g). Rats were maintained in double filters and reverse flow isolators under controlled temperature and illumination and given food and water ad libitum. Procedures were approved by the Institutional Animal Care and Usage Committee.
Tolerance was induced by intraperitoneal injection (i.p.) of Salmonella enteritidis LPS (Sigma) for two consecutive days at doses of 0.1 mg/kg and 0.5 mg/kg body weight, respectively. Controls received isovolumetric 5% dextrose (D 5 W). The experiments were performed 3 days after the last injection of LPS.
Mortality study
Three days after the second LPS injection, control and tolerant rats were injected intravenously with viable GBS (5 x l0 9 cfu/kg) and D-galactosamine (1 g/kg) and monitored for 72 h.
Cell culture
Macrophages were harvested by peritoneal lavage from both control and tolerant ether-anesthetized rats using RPMI 1640 medium (Cellgro) with L-glutamine containing penicillin (50 µg/ml), streptomycin (50 µg/ml), and sodium heparin (10 units/ml). The cells were allowed to adhere for 2 h on 24-well plates (Fisher) at 37°C in 5% CO 2 . Cells (1 x 10 6 cells/ml) were washed 3 times with 37°C media and then stimulated with media alone, LPS (10 µg/ml), killed GBS (10 µg/ml), or PMA (3 µg/ml). For the dose response study, cells from each group were stimulated with LPS or heat killed GBS at concentrations ranging from 0.02 to 10 µg/ml. Groups receiving PD 98059 (50 µM) were treated simultaneously with one of the above stimuli. All cells were incubated for 24 h at 37°C in 5% CO 2 . After 24 h, the supernatants were collected for TxB 2 , TNFα and NO quantification.
Assay for TxB 2 , TNFα and nitrite production
TxB 2 production was determined in cell culture media by radioimmunoassay as previously described. 33 TNFα production by rat peritoneal macrophages was assessed by a cytotoxicity assay using a TNFα-sensitive L929 fibroblast cell line as previously described. 34, 35 NO production by macrophages was assessed by measuring the amount of nitrite, a stable metabolic product of NO, in cell culture supernatants using the Griess reagent as previously described. 36 
Western blot analysis of ERK 1/2
Peritoneal macrophages lavaged from control or LPS tolerant rats were allowed to adhere for 2 h on 6-well plates. The cells were incubated for 30 min with media alone, LPS (10 µg/ml) or heat killed GBS (10 µg/ml).
The supernatant was discarded and cells were lysed with RIPA lysis buffer containing protease inhibitors (20 mM HEPES, 1% Triton X-100, 50 mM NaCl, 1 mM EGTA, 5 mM β-glycerophosphate, 30 mM sodium pyrophosphate, 100 mM orthovanadate, 0.1 mM phenyl-methylsulfonyl-fluoride, 10 µg/ml leupeptin, and 0.2 µg/ml pepstatin A, pH 7.4). The suspension was lysed by sonication and centrifuged at 100,000g for 10 min at 4°C to remove cellular debris. The supernatent was then collected, 25 µl aliquots were taken to determine protein concentration using the BioRad DC Protein Assay for microplates (Richmond, CA, USA), and the remainder mixed with an equal volume of 2x Laemmli sample buffer for Western blot analysis.
Immunoblots were performed as previously described. 35 Briefly one dimensional SDS-polyacrylamide electrophoresis was performed according to the method of Laemmli. 37 Cell lysates were resuspended in sample buffer through a 1.5 mm 12% acrylamide resolving gel. Proteins were then electrophoretically transferred to nitrocellulose membranes, blocked for 1 h in 7.5% powdered milk solution in Tris-buffered saline (0.1% TBS-T: 0.1% Tween-20, 20 mM Tris, 5 mM NaCl, pH 7. 
Statistical analysis
Data represent the mean ± SEM for n = 3-7 separate experiments. Mortality was evaluated using a KaplanMeier survival plot and Mantel-Cox test. Gels were analyzed by scanning densitometer and the treatment groups were normalized to control groups before analyses. The Student's two-tailed unpaired t-test was employed for comparisons.
RESULTS
The effect of LPS cross-tolerance on GBS sepsis induced lethality
The LPS tolerance regimen employed in this study has been shown to induce 100% survival to an LD 90 dose of LPS. 21, 22 LPS tolerance increased mean survival time (P <0.05) of viable GBS/D-galactosamine treated rats to 44.0 ± 8.9 h compared to 12.9 ± 1.7 h in septic control rats (Fig. 1) . Administration of D-galactosamine or GBS alone was nonlethal (data not shown).
The effects of LPS cross-tolerance on in vitro macrophage treated mediator production in GBS sepsis
LPS induced an increase in TxB 2 levels to 16.0 ± 4.5 ng/ml compared to basal levels of 1.4 ± 0.2 ng/ml in peritoneal macrophages from control cells (P <0.05; Fig. 2 ). LPS-stimulated TxB 2 levels in LPS tolerant macrophages were decreased to 3.7 ± 1.3 ng/ml (P <0.05). Heat killed GBS induced an increase in TxB 2 levels to 16.3 ± 4.6 ng/ml in control cells (P <0.05). Although there appeared to be a decrease, cross-tolerance did not significantly affect GBS-induced TxB 2 production at the 10 µg/ml concentration used. Phorbol 12-myristate 13-acetate (PMA)
Endotoxin cross-tolerance 121 was used as a positive control for TxB 2 and TNFα production. PMA induced an increase in TxB 2 levels to 26.2 ± 11 ng/ml in control animals. The levels of TxB 2 were not significantly altered in tolerant macrophages when stimulated with PMA.
LPS-induced TNFα production was increased to 2544 ± 495 pg/ml over basal levels of 42 ± 15 pg/ml in control macrophages (P <0.05; Fig. 3 ). LPS-induced TNFα production was significantly decreased in macrophages from tolerant rat cells to 458 ± 70 pg/ml (P <0.05). GBSinduced TNFα production was increased to 3500 ± 837 pg/ml in control macrophages compared to basal levels (P <0.05). A significant decrease in GBS-stimulated TNFα production to levels of 649 ± 215 pg/ml was observed in tolerant macrophages (P <0.05). PMA-induced TNFα production was increased to 419 ± 251 pg/ml in control macrophages (P <0.05) compared to basal levels and PMA-induced TNFα was decreased to 42 ± 18 pg/ml in tolerant macrophages (P <0.05).
LPS-induced NO production (Fig. 4A) , as measured by nitrite production, was increased to 2340 ± 425 ng/ml in control rat peritoneal macrophages compared to basal levels of 164 ± 49 ng/ml (P <0.05) and lower concentrations of LPS, ranging from 0.02 to 1.25 µg/ml, induced NO levels that were comparable to those seen at 10 µg/ml concentrations. LPS-stimulated nitrite levels were not significantly altered by LPS tolerance at 10 µg/ml concentrations. However, lower concentrations of LPS (0.02-1.25 µg/ml) did result in a significant decrease in NO production compared to control groups at each concentration (P <0.05). Killed GBS induced an increase in nitrite levels to 2226 ± 440 ng/ml over basal levels in control macrophages (P <0.05). However, GBS (10 µg/ml) significantly induced an even greater increase in nitrite levels to 3233 ± 433 ng/ml in tolerant cells (P <0.05). NO production was also increased in tolerant cells by GBS stimulation at 0.156-1.25 µg/ml, but no significant difference was observed when compared to NO produced at each concentration in control macrophages.
The effects of LPS cross-tolerance on ERK 1/2 phosphorylation in rat peritoneal macrophages
Stimulation of control rat peritoneal macrophages with LPS (10 µg/ml) induced an increase in ERK 1/2 phosphorylation compared to basal levels (P <0.05) at 30 min of stimulation (Fig. 5) . In contrast, there was no significant increase in ERK 1/2 activation in macrophages obtained from LPS tolerant rats when stimulated with LPS. Heat killed GBS did not increase ERK 1/2 activation in either control or LPS tolerant macrophages. Fig. 3 . The effects of LPS, GBS, and PMA stimulation on TNFα production in rat peritoneal macrophages. Cells (1 x 10 6 /ml) were stimulated for 24 h with media alone LPS (10 µg/ml), heat killed GBS (10 µg/ml), or PMA (3 µg/ml). Supernatants were collected and assayed for TNFα production. Data represent the mean ± SEM for 5 independent experiments for the control group and mean ± SEM for 4 independent experiments for tolerant group. *Denotes P < 0.05 for basal compared to stimulated cells and # denotes P < 0.05 for control compared to tolerant cells. Fig. 4 . Dose response study of the effects of LPS and GBS stimulation on NO production in rat peritoneal macrophages. Cells (1 x 10 6 /ml) were stimulated for 24 h with media alone, LPS (A) , or heat killed GBS (B) at 0.02-10 µg/ml. Supernatants were collected and assayed for nitrite production. Data represent the mean ± SEM for 3-5 independent experiments for control group and mean ± SEM for 3-4 independent experiments for tolerant group. *Denotes P <0.05 for basal compared to stimulated cells and # denotes P <0.05 for control compared to tolerant cells.
B A
The effects of the MEK inhibitor PD 98059 on macrophages mediator production
Pretreatment with PD 98059 decreased LPS-induced TxB 2 production in control rat macrophages from 6.6 ± 0.72 ng/ml to 0.36 ± 0.05 ng/ml (P <0.05; Fig. 6 ). The MEK inhibitor also decreased killed GBS-induced TxB 2 levels from 8.5 ± 0.6 ng/ml to 0.36 ± 0.04 ng/ml (P <0.05). PD 98059 decreased LPS-induced TNFα production in control rat macrophages from 2824 ± 586 pg/ml to 936 ± 279 pg/ml (P <0.05; Fig. 7 ). GBSinduced TNFα production was also significantly decreased to 648.8 ± 215.7 pg/ml. PD 98059 did not significantly inhibit NO production in either LPS-or GBStreated macrophages (Fig. 8) .
DISCUSSION
These studies demonstrate a considerable degree of crosstolerance conferred by LPS on GBS-induced sepsis in adult rats. This improved survival time of cross-tolerant GBS septic rats was associated with decreased in vitro heat killed GBS-stimulated TNFα production compared to controls. Killed GBS-induced TxB 2 production by LPS tolerant macrophages was not significantly decreased, whereas killed GBS-stimulated tolerant macrophages NO production was not altered at lower concentrations (0.02-1.25 µg/ml) but was significantly augmented at the higher GBS concentration (10 µg/ml). In response to LPS, TNFα and TxB 2 production were decreased in tolerant macrophages. NO production was decreased at lower LPS concentrations (0.02-1.25 µg/ml) in tolerant macrophages, but was unaffected at the higher LPS concentration (10 µg/ml). The LPS concentration dependent effect on tolerant macrophages may, in part, reflect differential activation of CD14 dependent and independent pathways. Also, macrophage NO production may be affected by the time course of LPS tolerance induction. Although a 5 day tolerance regimen was employed in the present study, our previous Endotoxin cross-tolerance 123 Represents the scanning densitometry data of the mean ± SEM of 3 experiments. *Denotes P <0.05 for groups compared to control basal and # denotes P <0.05 for control compared to tolerant cells. Fig. 6 . Effect of PD 98059 on TxB 2 production in rat peritoneal macrophages. Cells (1 x 10 6 /ml) were stimulated with media alone LPS (10 µg/ml) or heat killed GBS (10 µg/ml) with or without PD 98059 (50 µM). Supernatants were collected after 24 h and assayed for TxB 2 production. Data represent the mean ± SEM of 3 experiments. *Denotes P <0.05 for basal compared to stimulated cells and # denotes P <0.05 for control compared to PD 98059 treated cells. Fig. 7 . Effect of PD98059 on TNFα production in rat peritoneal macrophages. Cells (1 x 10 6 /ml) were stimulated with media alone LPS (10 µg/ml) or heat killed GBS (10 µg/ml) with or without PD 98059 (50 µM).
Supernatants were collected after 24 h and assayed for TNFα production. Data represent the mean ± SEM of 3 experiments. *Denotes P <0.05 for basal compared to stimulated cells and # denotes P <0.05 for control compared to PD 98059 treated cells. A B studies 22 have shown increased NO production but decreased TNFα and TxB 2 production in tolerant macrophages at shorter time intervals (6 and 24 h) after tolerance induction.
These data extend our previous observation of crosstolerance between LPS and killed GBS in new born rat pups. 38 The latter studies demonstrated that reduced TNFα levels parallel the extent of cross-tolerance protection to lethality. Other investigators have reported that GBS induces increased NO, 39 TNFα 40 and TxB 2 production. 41 Since antibodies to TNFα have been shown to increase survival in GBS septic neonatal mice, 42 the decreased macrophage TNFα production may be a protective mechanism. However elevated systemic TxB 2 in GBS sepsis has been correlated with pulmonary hypertension and impaired gas exchange. 40 Thus, the inability of LPS tolerance to significantly diminish GBS-induced macrophage TxB 2 production in the present study may have attenuated the degree of cross-tolerance protection. Whether the augmented NO response of tolerant macrophages to GBS is beneficial or deleterious is uncertain, since the role of NO in shock pathogenesis remains controversial. 43 Our studies also demonstrate that LPS significantly activated the MAP kinase, ERK 1/2. This is consistent with our previous observation of ERK 1/2 activation at 15-30 min of exposure to LPS in the human monocytic THP-1 cell line. 18 Other investigators have reported activation of a family of MAPKs, i.e. ERK1, ERK2, P38 and JNK following LPS activation of macrophages and monocytes. 2, 8, 35 Interestingly, the selective MEK 1/2 inhibitor PD 98059 effectively blocked both LPS and GBS induced TxB 2 formation. This observation, coupled with the fact that GBS does not activate macrophages ERK 1/2, is paradoxical, but may suggest that low level constitutive expression of ERK 1/2 is essential for GBS to activate the arachidonic acid cascade that leads to the production of TxB 2 . PD 98059 also effectively blocked LPS induced TNFα, but failed to block either LPS or GBS induced production of NO synthesis. This suggests that the latter mediator is regulated by signal transduction pathways not involving the ERK 1/2 pathway. LPS activation of macrophages or monocytes can occur through CD14-dependent pathways or CD14-independent pathways.
2,3 Stimulation of macrophage with killed intact Gram-positive bacteria may occur via CD14-independent pathways since anti-CD14 antibody did not block GBS-induced NO production in marine macrophages. 39 The latter was shown to be CR3 (CD11b/CD18) dependent. 39 Regardless of receptors predicated in the activation of macrophages by LPS or Gram-positive bacteria, it is plausible that LPS tolerance affects common signal transduction events that modify gene induction, transcription, or protein translation. In rat peritoneal macrophages from LPS tolerant rats, we have previously demonstrated altered heterotrimeric G protein content and function particularly of the Gi protein subclass. 44 Since pertussis toxin which blocks Gi protein activation also blocks LPS induced mediator production in these cell, 45, 46 down-regulation of Gi protein function could account for the suppressed TxB 2 and the TNFα production in the cells. In THP-1 cells, we have observed decreased ERK 1/2 activation following pretreatment with pertussis toxin in basal and LPS stimulated cells. 18 The latter observation suggests that pertussis toxin sensitive G proteins, may be coupled to the MAPK cascade leading to ERK 1/2 activation as shown for other Gi coupled agonists. 47, 48 Thus, impaired LPS activation of ERK 1/2 observed previously in LPS desensitized THP-1 cells 18 and in LPS tolerant rat macrophages in the present study may be attributed to proximal changes in Gi coupled pathways leading to ERK 1/2 activation.
In conclusion, LPS cross-tolerance to GBS-induced sepsis lethality and macrophage production of TNFα support the notion of common pathways of activation by LPS and GBS. Altered ERK 1/2 activation may contribute to tolerance to LPS, however, alterations of other signal transduction pathways may also be involved in cross-tolerance to GBS. Fig. 8 . Effect of PD 98059 on NO production in rat peritoneal macrophages. Cells (1 x 10 6 /ml) were stimulated with media alone LPS (10 µg/ml) or heat killed GBS (10 µg/ml) with or without PD 98059 (50 µM).
Supernatants were collected after 24 h and assayed for nitrite production. Data represent the mean ± SEM of 3 independent experiments *Denotes P <0.05 for basal compared to stimulated cells and # denotes P <0.05 for control compared to PD treated groups.
